In the paper a calculation methodology of isentropic efficiency of a compressor and turbine in a gas turbine installation on the basis of polytropic efficiency characteristics is presented. A gas turbine model is developed into software for power plant simulation. There are shown the calculation algorithms based on iterative model for isentropic efficiency of the compressor and for isentropic efficiency of the turbine based on the turbine inlet temperature. The isentropic efficiency characteristics of the compressor and the turbine are developed by means of the above mentioned algorithms. The gas turbine development for the high compressor ratios was the main driving force for this analysis. The obtained gas turbine electric efficiency characteristics show that an increase of pressure ratio above 50 is not justified due to the slight increase in the efficiency with a significant increase of turbine inlet combustor outlet and temperature.
Nomenclature

Introduction
Gas turbines are the machines consisting of the air compressor and the expander, mostly connected together by common shaft, and of a combustion chamber placed between them. In the energy sector these machines are used as an autonomous units called simple cycle (SC) or as a components of a gas turbine combined cycle gas turbine units (CCGT). The simple cycle units are characterized by lower powers and light, container-construction allowing for easy transport. Gas turbines used in CCGT units often have electric power exceeding 300 MW. In countries such as Poland, where the ratio of natural gas to coal prices is unfavorable -SC units are not built due to the lack of investment profitability, gas turbines are working there only in a combined cycle [1] [2] [3] . Thermal efficiency of CCGT units is defined by the relationship
where N iGT , N iST are internal power of gas turbine and steam turbine, respectively, andQ in is a heat flow fed to the gas turbine. Equation (1) can be rewritten as
where η t GT and η t ST are the thermal efficiency of a gas turbine and steam turbine, respectively, and are defined as
whereQ 4a is a heat flow at the gas turbine outlet. Relationship (2) is presented graphically in Fig. 1 . Currently achieved thermal efficiency of the gas turbines are around 40%, and the steam turbine cycle they are up to above 35%. Thus, the left side of vertical axis shows the currently achieved efficiency of the CCGT units. The right side of Eq. (2) represents the potential for increasing the CCGT efficiency. The derivation of Eq. (2) [1, 2] . This means that the increase in the gas turbine efficiency ∆η t GT by 1 pp translates into a higher CCGT efficiency increase than in the analogous rise in steam turbine cycle (∆η t ST ). This is the first argument suggesting a search direction to increase CCGT efficiency in the first place through the increase in gas turbine efficiency. The second, but much more important argument is the unit investment cost (referred to 1 MW of generated power), which in the case of the gas turbine installation are 4-5 times lower than in steam turbine part. Therefore, the present paper concentrates on gas turbines [3] [4] [5] [6] [7] . The gas turbine efficiency depends primarily on the compressor pressure ratio and the highest temperature in the cycle, which is the combustor outlet temperature (COT). However, usually considered as the most important temperature in the gas turbine cycle is the average turbine inlet temperature (TIT), defined by ISO-2314 standard. For stoichiometric combustion conditions the COT would significantly exceed the value of 2000 • C. Today, most manufactures use the COT of 1500 • C. Only one of the leading producers introduced the COT at the level of 1600 • C, and conducts research towards the use of 1700 • C [8, 9] . In comparison TIT achieves value range of 1300-1400 • C, rarely reaching 1500 • C.
Limitations of these temperatures result from the application of thermal barrier coatings (TBC), which cover elements exposed to the highest temperatures. Assumed that currently used TBC allow for continuous operation at a temperature not exceeding 1200 • C. Presently used cooling technologies allow for the flue gas temperature reduction at the cooled surface by ∆t = 300-400 K, therefore the highest temperature (COT or TIT) can reach 1500-1600 • C. Raising TIT by 100 to 200 K is associated with the increase in ∆t, i.e., to the value ∆t = 500-600 K. Such actions were the object of scrutiny of producers more than 10 years ago [10, 11] , but there is no information in the literature about their realization. An exception is the paper Hada et al. [12] , from Mitsubishi Heavy Industries, Ltd., which indicates that the key to the creation of a J-class turbine with T IT = 1600 • C (M701J and M501J for 50 Hz and 60 Hz, respectively), i.e., the temperature higher by 100 • C than the reference G-class, was to improve cooling technology and search for materials with lower thermal conductivity of TBC. Each of them allowed to increase TIT by 50 • C. Data provided there also suggests that cooling technologies allow to reduce the surface temperature by ∆t = 550 K in the G-class turbine, while the TBC with lowered temperature by 50 K, allows to use the alloys with allowable temperature of 700-900 • C. For the J-class turbine the cooling technology reduces surface temperature by ∆t = 600 K, and the TBC by 100 K (hence T IT = 900 + 600 + 100 = 1600; • C). In Japan there is also ongoing research on the turbine with T IT = 1700 • C [13] .
In the case of the analyzes of gas turbines in a wide range of pressure ratio and TIT a significant mistake is to assume constant internal efficiency value, therefore the paper presents the calculation method of the gas turbine with variable isentropic efficiency of the compressor and the turbine depending on the pressure ratio and TIT.
Gas turbine model
The gas turbine is modeled using commercial PC-based software application for design and performance evolution of thermal power plant systems, GateCycle. Figure 2 shows a scheme of the gas turbine. Composition and parameters of ambient air are set according to ISO-2314 (t 0a = 15 • C, p 0a = 101.325 kPa). Assumed fuel is the natural gas composed of: 98.21% CH 4 , 1.27% N 2 , and 0.52% CO 2 , with temperature and pressure at the combustor inlet equal to 15 • C and 3.5 MPa, respectively. The lower heating value (LHV) of the fuel is equal to LHV = 48 110.54 kJ/kg (according to ISO 6976:1995 ISO 6976: /1996 . Table 1 summarizes the main parameters of the gas turbine installation. The turbine cooling air flow is equal to 20% of the compressor inlet flow, from which 12% is cooled to 200 • C (3c) and used for cooling the combustor (8% in 4c) and the first stage of turbine (4% in 5c), the remaining 8% is used for cooling the following turbine stages (6c). The gas turbine outlet temperature is maintained at the level of t 4a = 630 • C. Depending on the pressure ratio, β, the COT is adjusted to obtain the desired temperature (t 3a ). Turbine outlet pressure is set at p 4a = 105.327 kPa, based on the outlet pressure loss
Isentropic efficiency of the compressor and the turbine are determinated on the basis of polytropic efficiency. Calculation path is presented in the following sections.
Calculation algorithm of the compressor
The compressor work does not depend on the parameters of the turbine, so in the first place calculations for the air compressor was performed to give the isentropic efficiency graph, η iC as a function β. The calculations are based on the compressor polytropic efficiency graph (Fig. 3) , adopted on the basis of [14] for conservative (C) and optimistic (O) scenario. Compressor isentropic efficiency is determined from the relationship described in [15] :
where
is the average isentropic exponent, R is the individual gas constant value, andC psC is the average specific heat for the isentropic conversion, here determined from relation
where C ps (T ) is specific heat of air and its values are read for known temperatures (T 1a and T 2a ), gas composition and the reference temperature (T 0 ) from ideal gas parametric tables, e.g. [15, 16] . Block diagram of the calculation algorithm for the compressor is presented in Fig. 4 . In a first place the compressor polytropic efficiency, η pC , is read from the graph (Fig. 3) for the analyzed pressure ratio, β. Based on the Eqs. (7)-(9) isentropic efficiency of the compressor, η iC , is calculated with initial assumption of C ps (T 1a ) = C psC . Then, compressor outlet temperature T 2a and current values of C psC and (η iC ) t are determined. The calculations are completed when the absolute difference between the previous and the current efficiency value is less than a predefined calculation precision, ∆η max . Otherwise, the next iterations of compression calculations is performed for current efficiency until the predefined precision is complied.
The resulting characteristics of compressor isentropic efficiency are presented in Fig. 5 , while the compressor outlet temperature is shown in Fig. 6 . It is assumed that the maximum acceptable compressor outlet temperature is about 600 • C due to design restrictions. This temperature level is reached for pressure ratio β = 40. Thus, to apply a higher β a solution reducing the temperature is needed, e.g., compressor with air intercooling or the use of new materials. 
Calculation algorithm of the turbine
The next step is to calculate the turbine isentropic efficiency, η iT , on the basis of polytropic efficiency characteristics presented in Fig. 7 , which depends mainly on the turbine inlet temperature and, in the second place, on the pressure ratio. The value of β = 0 is theoretical, to actual η pT value for assumed β is obtained by adding the corresponding value according to the relation
The turbine inlet temperature is determined according to ISO-2314 standard [15] . It is a theoretical temperature before the first stage stationary blades. Simplification is here assumed that the total turbine cooling flow is mixed with the gas flow from combustor prior to entering the turbine, as illustrated in Fig. 8 . The turbine isentropic efficiency is determined from the relationship, described in detail in [15] and the turbine cooling air: A -the real system, B -the system according to [17] .
The average specific heat for isentropic conversion in turbine,C psT , is determined similar to (9) from relationship
where C ps (T ) is specific heat of the flue gas with given composition and temperature, read from the ideal gas parametric tables, e.g., in [15, 16] .
If simplification in accordance with ISO-2314 is not applied, the calculation need to be done for each of the turbine stages resulting from the cooling, separately. This is caused by mixing of the flue gas with the cooling air, which changes the gas composition and temperature affecting its parameters ( C psT ). Calculation of η iT is performed iteratively according to the algorithm illustrated in Fig. 9 . For the known compressor parameters at given β calculations for the turbine can be performed. The objective for the turbine is constant turbine outlet temperature (t 4a ) est = 630 • C, which means that initially the combustor outlet temperature, t 3a , and the resulting TIT, are unknown. Therefore, at first TIT must be determined on the basis of preassumed t 3a . For given β and initial TIT the turbine polytropic efficiency, η pT , is read and basing on Eqs. (11)- (13) isentropic efficiency, η iT , is calculated. Then, calculations for the turbine are performed and (t 4a ) est = t 4a is not met, the small iteration loop is realized by adjusting t 3a . After the temperature condition is fulfilled, the current values of η pT and η iT are re-determined for obtained results. In analogy to the compressor, turbine calculations are completed when the resulted (η iT ) t precision is met.
The obtained turbine isentropic efficiency characteristics are shown in Fig. 10 , while the resulted temperatures of combuster outlet and turbine inlet are shown in Fig. 11 . The resulting turbine isentropic efficiency can be applied only for the analyzed case, since they depend on TIT, T 4a and flue gas composition. For new assumptions the efficiency must be recalculated according to the presented algorithm (Fig. 9 ). 
Gas turbine efficiency analysis
Gross electric efficiency of the gas turbine, η elGT.gross , is determined using the lower heating value, LHV , of the fuel, according to relation
while the net efficiency takes into account the gas turbine own needs
whereṁ f is the mass flowrate of fuel. The gas turbine own needs, ∆N GT , are assumed to be 0.22% of the gas turbine electric power, ∆N GT , and N F C is the fuel compressor power. The resulting gross and net electric efficiency of the gas turbine in function of the pressure ratio are shown in Fig. 12 . Chosen characteristic parameters of the gas turbine installation for maximum achieved efficiency are summarized in Tab. 2.
Conclusions
A relatively high cost of the steam turbine installation compared to the gas turbine determines the direction of the combined cycle gas turbine unit efficiency increase. Current barrier of net electric efficiency of the CCGT plant amounting 61% can be exceeded in the near future through the increase in the gas turbine efficiency, what can be realized in two ways. The first concept is to use gas turbines with standard pressure ratios (about 20), with a high turbine inlet temperature at the level of 1700 • C (J-class turbines). The condition for success is the use of modern gas turbine cooling concepts (steam cooling) and the reduction of NO x emission. An alternative solution is the use of higher pressure ratios at the level of 40-50 with lower TIT (about 1500-1550 • C). The presented calculation algorithms allowed to obtain isentropic efficiency characteristics for the compressor and the turbine depending on the pressure ratio and the turbine inlet temperature.
The analysis revealed that the gas turbine efficiency reaches its optimum at a range of high pressure ratios (β = 70-90). However, for such high β the compressor outlet temperature is far beyond 600 • C, temperature limit in the compressor. Thus, the use of such high β would require fundamental modifications in the compressor design, e.g., by using a two-stage compressor with intercooling of the compressed air. The resulting TIT values for the pressure ratios above 40 also exceed the values in modern gas turbines. The use of such high temperatures requires a more efficient cooling of the turbine blades or the use of more durable materials.
The obtained gas turbine electric efficiency characteristics shows that an increase of pressure ratio above 50 is not justified due to the slight increase in the efficiency with a significant growth of compresor outlet and turbine inlet temperatures.
